Photoconductance of organic single-molecule contacts 
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We study the dc conductance of organic single- molecule contacts in the presence of external 
electromagnetic radiation (photoconductance). In agreement with previous predictions, we find 
that the radiation can lead to large enhancements of the conductance of such contacts by bringing 
off-resonant levels into resonance through photoassisted processes. In our analysis we make use of 
the simplifying fact that, under certain assumptions, the photoconductance can be expressed in 
terms of the transmission function in the absence of the radiation. The conductance enhancement 
is demonstrated for oligophenylene molecules between gold electrodes, whose electronic structure 
is calculated based on density-functional theory. It is shown that the exponential decay of the 
conductance with the length of the molecule can be replaced by a length-independent value in the 
presence of radiation. 

PACS numbers: 73.63.-b, 73.50.Pz, 73.63.Rt, 73.40.Jn 



The use of electromagnetic radiation, such as laser 
light, can provide a convenient "handle" for controlling 
the conductance of atomic and single- molecule contacts X 
It has, for example, been demonstrated that by ap- 
plying light of a certain frequency, some photochromic 
molecules can be made to change their conformation 
even when contacted to metallic electrodes* 2 -* 3 - Devices 
based on such molecules could act as molecular opto- 
electronic switches 4*5*2i£ According to theoretical pre- 
dictions, it may also be possible to construct molecu- 
lar electronic devices based on other radiation-induced 
phenomena j8 i 9 i io i ii i i2 i i3 an( q severa i groups are currently 
working towards experiments of this type i 14 i 15 i 16 

One of the first things to be addressed in interpreting 
conductance measurements on atomic-sized contacts ex- 
posed to external radiation is the role played by heat- 
ing effects, such as electronic excitations and thermal 
expansion ] 14 ! 17 Another phenomenon to be considered 
is the excitation of local plasmonic modes and related 
field-enhancement effects i 17 i 18 Due to the complexity of 
the problem, no comprehensive theory exists at the mo- 
ment. However, we have recently put forward a descrip- 
tion based on photoassisted transport^ We found that, 
depending on the metal and the radiation frequency, the 
effect of irradiation on atomic contacts can be either 
an increase or a decrease in the conductance. We also 
demonstrated that the approximate behavior of the pho- 
toconductance can be predicted based on the transmis- 
sion function T(E) in the absence of the radiation, with- 
out resorting to complicated numerical simulations of the 
ac-driven transport. 

In this brief report we discuss the possible outcome of 
experiments with laser-irradiated organic single-molecule 
contacts between two metallic electrodes. We shall argue 
that for junctions where the Fermi energy of the metal 
lies in the gap between the highest occupied (HOMO) 



and lowest unoccupied (LUMO) molecular orbital, pho- 
toassisted processes can lead to enhancements of the dc 
conductance by orders of magnitude. This conclusion 
has already been made previously, 8 but here we want to 
describe the origin of the effect based on the properties 
of T{E), along the lines of Ref. [l9|. We demonstrate the 
effect for oligophenylene contacts with varying numbers 
of phenyl rings, whose electronic structure is calculated 
using density-functional theory. While in the absence of 
radiation the conductance decays exponentially, in the 
presence of radiation it may become almost independent 
of the length of the molecule. This effect should become 
important already for light frequencies lower than those 
needed for internal transitions between the HOMO and 
LUMO levels.^ 

In a typical experiment with laser-irradiated atomic- 
sized contacts, the laser spot diameters are on the order 
of micrometers. 14 It is therefore much more likely that 
an incoming photon interacts with the metallic electrode 
than with the molecule itself. However, at frequencies 
below the plasma frequency and the electronic interband 
transition threshold, most of the incoming light is re- 
flected. This is the result of a collective screening re- 
sponse of the electrons. If the light is polarized along 
the axis of the contact, this generates an oscillating volt- 
age over the contact at the frequency uo of the radia- 
tion. The photoassisted transport through the contact 
can then be described in terms of "sidebands", where 
the Fermi-level electrons appear to approach the contact 
at energies shifted from the equilibrium Fermi level by 
an integer multiple of the photon energy Tiou (see Refs. 
[lliilllliilliliiElIii). In this view, the role of the 
molecule is, most importantly, to provide the transmis- 
sion landscape according to which the incoming electrons 
will be transmitted or reflected. Thus the photoassisted 
transport can be seen as probing the transmission func- 



tion at energies away from the Fermi level. 

Assuming a symmetric junction, low temperature, a 
double-step voltage profile (i.e. vanishing ac electric field 
on the molecule), as well as "wide-band" leads, the zero- 
bias dc conductance in the presence of external radiation 
of frequency uo (i.e. the photoconductance) can be de- 
scribed by the expression 19 

CO 

G dc (cu) = Go lMu/2)] 2 T(E F + Itiw). (1) 

l = — CO 

Here Go = 2e 2 /h is the quantum of conductance, Ep 
is the Fermi energy, I is the sideband index, and Ji(x) 
are Bessel functions of the first kind. Their argument 
involves a = eVac/Tiuo, where V ac is the amplitude of the 
induced ac voltage. The latter is unknown in practice, 
because it depends on the environment of the junction, 
the polarization of the light j2! and the frequency itself. 
Especially if uo happens to be in resonance with local plas- 
monic excitations, V ac can be strongly enhanced. For our 
purposes it is sufficient to treat a simply as a parameter. 
In the metallic atomic contacts described in Ref. [l9| the 
transmission functions are rather flat, and so the changes 
in conductance typically remain on the order of a few per- 
cent for reasonable ac amplitudes. In contrast, molecular 
junctions often exhibit large gaps in T(E), correspond- 
ing roughly to the energy region between the HOMO and 
LUMO orbitals of the isolated molecule. The Fermi en- 
ergy lies somewhere in the gap and thus the dc conduc- 
tance of the junction in the absence of radiation is very 
low. It is then to be expected from Eq. (pQ) that an exter- 
nal frequency corresponding to the smaller of the energy 
differences between Ep and the two gap edges can lead 
to a considerable enhancement of the conductance. This 
is because the photoassisted processes essentially change 
the character of the transport from off-resonant to reso- 
nant tunneling. 8 

The photoassisted conductance-enhancement de- 
scribed above should be contrasted with the light- 
induced (rectification) currents studied in Ref. [20, 
for example. The latter are due to a direct internal 
pumping of electrons between the HOMO and LUMO 
levels of a molecule coupled weakly and asymmetrically 
to the electrodes. Such internal transitions may become 
dominant for frequencies exceeding the HOMO-LUMO 
gap. In contrast, the photoassisted processes described 
by Eq. (pQ) involve photon emission and absorption in the 
contact regions between the molecule and the electrodes, 
while the transport on the molecule is assumed to be 
elastic. These processes should set in already for fiuj 
smaller than half of the gap. In the following we consider 
low enough frequencies, such that the internal electronic 
transitions can be assumed to be unimportant. On the 
other hand, in order to apply Eq. (pQ), we must con- 
sider (approximately) symmetric contacts. Therefore, 
significant rectification effects will be absent in any case. 

To illustrate the above ideas for realistic molecules, we 
have used density-functional theory (DFT) to describe 
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FIG. 1: (Color online) (a) The four molecular contacts Rl— 
R4 we have studied, containing oligophenylenes with one to 
four phenyl rings and coupled to Au [111] pyramids through 
sulfur atoms, (b) Our model assumes the induced ac volt- 
age Vac to drop in a double-step manner, as illustrated here 
schematically for contact R4. 



oligophenylene molecules with varying numbers of phenyl 
rings bridging two gold electrodes. The description of 
the electronic structure and the relaxation of the geome- 
tries is done using the TURBOMOLE quantum chemistry 
package, 2 - and the transmission functions are calculated 
using Green's function techniques . 29 ^ The four molec- 
ular junctions considered here are shown in Fig. QJa). 
They are formed of oligophenylenes containing one to 
four phenyl rings and are bonded to the fee [111] gold 
pyramids through sulfur atoms. We refer to them as 
Rl to R4, according to the number of rings. The cor- 
responding isolated molecules have HOMO-LUMO gaps 
of 3 eV or more, and thus to induce internal transitions 
of electrons between the HOMO and LUMO levels would 
require energies corresponding to blue or ultraviolet light. 
On the other hand, the photoassisted effects we are de- 
scribing are expected to take effect already in the red or 
infrared part of the spectrum. Note that the double-step 
ac voltage profile assumed by Eq. (pQ) is not unreason- 
able, since one can expect the voltage to drop abruptly 
at the sulfur atoms due to partial screening of the electric 
field on the molecule ^gl^&S^i See Fig. QJb) for an 
illustration. 

Figure [2ja) shows the T(E) functions for the four 
molecular contacts Rl to R4. All of them feature a 
gap on the order of the HOMO-LUMO gap of the iso- 
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FIG. 2: (Color online) (a) Transmission versus energy [T(E)] 
for the contacts R1-R4 in Fig. [T] (dash- dot- dotted, dash- 
dotted, dashed, and solid lines, respectively), (b)-(e) The 
photoconductance versus external frequency oo for the con- 
tacts R1-R4, respectively. For each case the results for the 
following values of a are shown: 0.2, 0.6, 1.0., 1.4, and 1.8, in 
order of increasing conductance, (f) The dc conductances in 
the absence (d, dots) and presence (G2, crosses) of radiation 
with hu = 1.5 eV and a = 1.8 for an increasing number n 
of phenyl rings. The gray line is a fit of the Gi results to an 
exponential law (see text). 



lated molecules. The Fermi energy is in the gap, some- 
what closer to the HOMO than the LUMO edge. The 
panels (b)-(e) present the full results for Gd c (u) for sev- 
eral representative values of a, as obtained from Eq. (pQ). 
Note that the zero-frequency results reproduce the con- 
ductances in the absence of radiation, i.e. G^ c (o; = 0) = 
GqT(Ef) independently of a. When fiuj is increased to 
values above the energy difference between Ep and the 
HOMO edge of the gap, Gd c (w) can increase by orders of 
magnitude as one of the sidebands comes into resonance 
with the molecular energy levels [I = — 1 in Eq. (pQ)]. For 
a > 1 also "two-photon" processes (I = —2) begin to 
contribute, such that the conductance enhancement be- 
gins already at lower frequencies (see Ref. 36). In Fig. 
Eff) we present the results for Gd c {u) in the absence of 
radiation (G\ , dots) and in the presence of radiation with 
Tiuj = 1.5 eV and a = 1.8 (G2, crosses) for an increasing 
number n of phenyl rings. The value of G\ exhibits an 
exponential decay, characteristic of off-resonant tunnel- 
ing. The gray line represents a fit to G\ oc Go exp(—/3D), 
where D is the distance between the gold tips (see Fig. 
[1]). We obtain an attenuation factor of (3 = 2.8 nm _1 , 
in agreement with previous experimental and theoretical 
results ] 37 ! 38 In contrast, G2 is almost independent of n, 
because the photoassisted processes change the character 
of the transport to resonant tunneling. Thus the conduc- 



tance enhancement due to radiation is bigger for larger 
n. 

We have also performed calculations with oligopheny- 
lene contacts, where the conjugation of the molecules 
has been broken by side groups. T(E) then exhibits 
sharp resonances, leading to large fluctuations in Gdc(w). 
The maximal conductance enhancements can, however, 
be even much larger than those in Fig. ([2]). 

It must be emphasized that the calculations of the 
photoconductance are based on ground-state DFT and 
Eq. (pQ), which introduce several simplifying assumptions. 
First, a proper treatment of the electronic structure in 
the presence of time-dependent fields should be based 
on more advanced techniques ] 13 i 39 Second, the ac-driven 
transport cannot in general be described in terms of 
independent sidebands f ^ 22 i 23 i 24 i 4Q Nevertheless, detailed 
tight-binding calculations^ for atomic contacts repro- 
duce the essential features of results obtained with Eq. 
(PQ). I n particular, the shape of the assumed ac voltage 
profile [see Fig. [TJ^b)] does not seem to be crucial. As an 
additional check, we have studied chain models describ- 
ing contacts with gaps in T(E) (not shown). In these 
simulations, a linear ramp-like ac voltage profile (a con- 
stant ac electric field) tends to reduce the conductance 
enhancement, but it still remains an order-of-magnitude 
effect. Note that such a potential profile was also as- 
sumed in Ref. 8. Indeed, in the case of molecular junc- 
tions, the light-induced increase in the dc conductance 
can be so huge that it is difficult to see how it could be 
completely washed away in a more rigorous treatment. 
The best chances of measuring the effect in experiments 
would be at infrared frequencies, such that the absorp- 
tion of light and associated heating effects are minimal. 

Finally, it is worth noting that the photoconductance 
Gdc(^) should not be confused with an ac conductance. 
The latter quantity has also been discussed recently in 
the context of molecular contacts i 13 i 41 It is more difficult 
to describe theoretically as well as to measure reliably, 
since the capacitance of the junction and hence displace- 
ment currents will play a more important role than in 
the case of the dc response. 

In conclusion, we discussed the effect of external ra- 
diation on the transport properties of organic single- 
molecule contacts between metallic electrodes, where the 
Fermi energy lies in a gap of the transmission function. 
The importance of the collective response of the leads 
to the radiation was emphasized, as compared with the 
internal electronic transitions due to a direct pumping 
of the molecule. We have discussed how, under cer- 
tain assumptions, the photoconductance can be related 
to the transmission function of the contact in the ab- 
sence of the radiation. This relation was used to ana- 
lyze the radiation-induced conductance enhancement for 
oligophenylene molecules of varying lengths in gold con- 
tacts. It was shown that the exponential decay of the 
dc conductance can be replaced by a length-independent 
behavior as a result of the photoassisted transport pro- 
cesses. 
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